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A B S T R A C T   

Heavy metals (HMs) from iron/steel smelting activities pose notable risks to human health, especially to those 
living around industrial facilities of North China Plain, the base of China’s steel production. In this study, 78 
outdoor windowsill dust samples were collected around a large-scale iron/steel smelter with more than 65 years 
of production history in the western North China Plain. Nine HMs were analysed to comprehensively assess the 
health risks by integrating Monte Carlo simulation, oral bioaccessibility, and source apportionment. Results 
showed serious pollution with Cd, Pb, and Zn based on their geo-accumulation index values and concentrations. 
Four potential sources including industrial sources (49.85%), traffic sources (21.78%), natural sources (20.58%), 
and coal combustion (7.79%) were quantitatively identified by multivariate statistical analysis. The oral bio-
accessibilities of HMs determined by the physiologically based extraction test ranged from 0.02% to 65.16%. Zn, 
Mn, Cd, and Pb had higher bioaccessibilities than other HMs. After incorporating oral bioavailability adjust-
ments, noncarcinogenic and carcinogenic risks were significantly reduced, especially for adults. The mean hazard 
index (HI) for children and adults was below the safety threshold (1.0), whereas the mean of the total carci-
nogenic risk (TCR) based on HM bioaccessibilities in the gastric phase remained above the acceptable level (1.0E- 
06) (children: 5.20E-06; adults: 1.16E-06). Traffic sources warranted increased concern as it substantially 
increased TCR. Cd was identified as the priority pollution in iron/steel smelting areas. Assessing source-oriented 
health risks associated with oral ingestion exposure can guide the management and control of HM contamination 
within iron/steel smelting-affected areas.   

1. Introduction 

The iron/steel industry is one of the primary pillar industries of 
developing countries with rapid economic growth (Dong et al., 2013). 
However, numerous toxic chemicals are produced during smelting and 
they enter the environment along with flue gas, waste rock, smelting 
slag, and other substances (Ahamad et al., 2021; Soltani et al., 2021; Han 
et al., 2021a; Zhang et al., 2022). Among them, heavy metals (HMs) such 
as Hg, Cd, and As are important pollutants of concern owing to their 
toxicity and adverse impact on human health and biota (Luo et al., 2011; 
Kastury et al., 2018; Han et al., 2020). When exposed to such affected 

environments, the unintentional oral ingestion of contaminated soil and 
dust is a potentially important route for residents to be exposed to HMs 
(Zahran et al., 2013; Wang et al., 2023; Ma et al., 2021). Particularly, 
HMs in dust are more easily resuspended and spread locally and globally 
than in soils, posing a threat to human health (Zgobicki et al., 2019). 
Thus, investigating the contaminant levels of dust near iron/steel 
smelting-affected areas and understanding the health exposure risk of 
HMs for local residents are necessary. 

Many studies on health-risk assessment including noncarcinogenic 
and carcinogenic risks primarily rely on human health-risk assessment 
(HHRA) models with specific fixed exposure factors and average HM 
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concentrations (Khan et al., 2016; Yadav et al., 2019; Han et al., 2021a). 
However, ignoring the variations in exposure parameters across pop-
ulations and the uncertainty of HM concentrations may lead to inaccu-
rate assessment results (Ganyaglo et al., 2019). Fortunately, Monte Carlo 
simulation (MCS), an effective probabilistic analysis measure to 
compensate for this deficiency, can provide a reliable and informative 
result by calculating the proportion of surpassing and not surpassing the 
safety threshold (Sun et al., 2022). Humans can be exposed to HM 
pollution via three pathways (oral ingestion, inhalation, and dermal 
contact). However, many previous studies have found that oral ingestion 
contributes most to the overall health risks of HMs (Gu and Gao, 2018; 
Ganyaglo et al., 2019; Jin et al., 2019) especially children due to their 
repeated hand/finger sucking (Han et al., 2020). Therefore, only the 
health risks of oral ingestion of HMs in dust were assessed in the present 
study. 

Remarkably, HMs originating from various pollution sources show 
significant variations in content, toxicity coefficients, bioavailability, 
and health hazards (Ma et al., 2021). Determining the crucial pollution 
sources and key pollution factors is a prerequisite for reducing the 
emissions of new HMs and the associated health risks. However, the 
traditional concentration-based HHRA model overestimates the health 
exposure risks and inaccurately identifies high-risk sources and priority 
HMs (Liu et al., 2019; Han et al., 2020; Ning et al., 2021), leading to 
ineffective management of HM contamination. Therefore, incorporating 
source apportionment into the HHRA model is receiving increased 
attention (Liu et al., 2018, 2021a; Ma et al., 2021; Yan et al., 2022). 
Compared with other receptor models, the positive matrix factorisation 
(PMF) model has been confirmed to obtain each contamination source’s 
category and contribution rate through the least square method (Paatero 
and Tapper, 1994; Huang et al., 2021; Zhao et al., 2022). In the current 
work, MCS and the PMF model were combined in the HHRA model to 
identify key sources of pollution and quantify the human health risks 
accurately. 

Given that only a fraction (≤100%) of HMs can be absorbed by the 
gastrointestinal system after human ingestion, the traditional HHRA 
model based on total HM concentrations may exaggerate the health 
hazard of contamination sources (Aurelie et al., 2011; Kastury et al., 
2018; Han et al., 2021b). Thus, incorporating bioaccessibility into the 
HHRA model is necessary. Bioaccessibility is defined as the proportion 
of HMs that can be dissolved and adsorbed by tissue fluids of the lungs, 
intestines, and stomach (Ruby et al., 1996, 1999). Several in vivo and in 
vitro digestion tests have been successfully designed to determine HM 
bioaccessibilities (Mehta et al., 2020; Han et al., 2023). Generally, the 
results of testst on in vivo animal models are more convincing and ac-
curate. However, these tests are time consuming and costly and involve 
ethical controversy, limiting the application of this method (Zia et al., 
2011). To hurdle this limitation, in vitro digestion models are developed 
as alternatives to simulate the animal organism environment in vitro and 
are extensively applied to measure HM bioaccessibilities, specifically the 
physiologically based extraction test (PBET) (Gu and Gao, 2018; Del-
beke et al., 2020; Ma et al., 2022). Previous studies have shown that 
PBET exerts a better fitting effect with the results of in vivo animal ex-
periments than other in vitro digestion methods (Juhasz et al., 2010; Pan 
et al., 2016; Wei et al., 2021). Nevertheless, to our knowledge, few 
studies have expanded on integrating bioaccessibility and MCS in 
source-oriented health-risk assessment. Hence, systematically 
combining oral bioaccessibility, MCS, source apportionment, and the 
HHRA model is necessary to evaluate the health hazard of HMs in dust 
within iron/steel smelting-affected areas. 

The North China Plain, also known as China’s iron/steel production 
base, has many iron/steel smelting-dependent industrial facilities. Ac-
cording to the World Steel Association (2020) and Chinese Statistical 
Yearbook (2020), the total production of crude steel in the North China 
Plain was approximately 459.42 million tons in 2019, accounting for 
nearly 25% of the world’s steel production (WSA, 2020; NBSC, 2020). 
Intensive iron/steel smelting activities and related industrial activities 

such as transportation, coal burning, and coking have led to the severe 
contamination of the soil and atmosphere with HMs in the region (Han 
et al., 2021a, 2021b; Liu et al., 2021b; Wang et al., 2023). However, no 
related studies have been conducted on the bioaccessibilities, exposure 
risks, and source contributions of HMs in dust near iron/steel smelters in 
the North China Plain. This lack of knowledge hinders the imple-
mentation of pollution control and risk management in HMs. 

To fill this knowledge gap, we selected a large iron/steel smelting- 
affected area in the western North China Plain as the research area in 
the present work. The primary objectives of this study were as follows: 
(i) to determine the concentrations and contamination characteristics of 
HMs in outdoor windowsill dust within the iron/steel smelting-affected 
area; (ii) to identify pollution sources of HMs through multivariate 
statistical analysis, including geostatistical analysis, Pearson correlation 
analysis, clustering analysis, and the PMF model; and (iii) to quantify 
human health exposure risks and identify the critical pollution factors by 
coupling PBET, MCS, the PMF model, and the HHRA model. 

2. Materials and methods 

2.1. Study area and sampling 

This study area is located in Anyang, Henan Province in the western 
North China Plain (Fig. 1). It has been affected by long-term (>65 years) 
iron/steel smelting activities. The research region has a warm temperate 
continental monsoon climate with an average annual temperature, 
precipitation, and wind speed of 14.2 ◦C, 600 mm, and 2.2 m/s, 
respectively (Han et al., 2021a). The prevailing wind direction in winter 
and summer is northeast and southwest, respectively. Since 1993, 
Anyang has been involved in HM industries, including ferrous-metal 
smelting, steel rolling, coking, and cement production. In 2019, Any-
ang produced approximately 15.09 million tons of steel, among which 
the iron/steel smelter investigated in this study accounted for 69.85% 
(10.54 million tons), ranking 41st in the world (WSA, 2021). 

A total of 78 outdoor windowsill dust samples were collected from 23 
communities surrounding the iron/steel smelter in November 2019. 
Before and during sampling, no rainfall and gale activity occurred for 7 
consecutive days. The number of dust samples collected in each com-
munity was determined according to their area and population. Sam-
pling sites were located within the community, about 50–100 m from 
the main traffic roads. No obvious pollutants and pollution sources were 
found near the sampling sites. The distance between adjacent sampling 
points exceeded 50 m in each community. Dust samples were collected 
using plastic brushes and dustpans from the lowest-story outdoor win-
dowsills of the residential building, which were 10–30 cm wide and 
approximately 1.0–1.5 m above the ground. Each sample was collected 
from 6 to 10 windowsills within 100 m2 to obtain sufficient dust. After 
each sampling, sampling tools were cleaned with deionised water to 
prevent cross-contamination between samples. All collected composite 
dust samples were naturally dried indoors, and then extraneous mate-
rials (such as dead leaves, hair, insect shells and gravel) were removed 
from samples with plastic clips. Finally, dust samples were passed 
through a 200-mesh nylon sieve (<75 μm) for further chemical analysis. 

2.2. PBET 

PBET analysis was performed based on previously described research 
with minor modifications to determine the bioaccessibilities of HMs 
(Ruby et al., 1996; Han et al., 2020). In the gastric phase (PBETG), 2.0 g 
of the sieved dust sample was extracted using 200.0 mL of simulated 
gastric solution (1.25 g of pepsin, 0.5 g of citric acid, 0.5 g of malic acid, 
0.42 mL of lactic acid, 0.5 mL of glacial acetic acid, and 8.775 g of NaCl 
dissolved in 1000 mL of ultrapure water; pH adjusted to 1.5 with 
concentrated HCl) in a 500 mL cone bottle. The mixture was sealed, 
warmed to 37 ◦C in a water bath, and shaken at 100 r⋅min− 1 for 1.0 h. 
Then, 30.0 mL of the suspension was collected and filtered through a 
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0.45 μm nitrocellulose membrane. In the intestinal phase (PBETI), the 
rest solution was adjusted to a pH of 8.0 with concentrated NaHCO3 
solution, and 0.4 g of bile salts and 1.2 g of trypsin were added into the 
cone tube. Then, the sample solution was sealed and shaken for 4.0 h at 
37 ◦C. Finally, 30.0 mL of suspension was collected and filtered through 

a 0.45 μm nitrocellulose membrane. ICP‒MS was used to determine the 
concentration of HMs in suspension ordered in PBET. The bio-
accessibilities of HMs (BAF, %) can be calculated by dividing the bio-
accessible HM concentrations by the total HM concentrations in the 
sample (Han et al., 2020), as shown in Equation (1). 

Fig. 1. Study region and sampling area.  
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BAF=((Ci ×Vi) / (Cs×ms)) × 100 (1)  

where Ci is the soluble concentration of HMs extracted by PBET (mg/L), 
Vi is the reaction liquid volume (L), Cs is the total HM concentrations 
(mg/kg), and ms is the mass of the sample (kg). 

2.3. Geochemical analysis 

For the HM concentration assays, 0.10 g of the sieved dust sample 
was digested using a concentrated acid mixture (4.0 mL of HNO3, 1.5 mL 
of H2O2 and 1.5 mL of HF) in a Teflon microwave tube. Digestion pri-
marily included three steps. First, the digestion tubes were heated to 
120 ◦C and held for 10 min, continued to be heated to 260 ◦C, and held 
for 45 min. When cooled to 70 ◦C, the digestion tubes were transferred 
into an acid-removing instrument at 120 ◦C for 150 min. Finally, the 
remaining solution in the digestion tube was transferred into a volu-
metric flask for constant volume using 5% HNO3 solution and then 
filtered through a 0.45 μm nitrocellulose membrane. The total concen-
tration of HMs was measured by ICP‒OES. Glassware and other exper-
imental instruments were cleaned with 10% HNO3 solution to avoid 
background contamination. Method blanks (20%), parallels (10%), and 
GBW07401 (National Institute of Standard Materials, China) were 
determined to verify the accuracy of the experiment. The relative de-
viations between the measured and standard values for Cd, Co, Cr, Cu, 
Mn, Ni, Pb, V, Zn, and As were 10.42%, 7.03%, 6.03%, 4.11%, 8.06%, 
6.25%, 3.64%, 4.69%, 7.13%, and 7.30%, respectively. 

2.4. Contamination assessment 

The geo-accumulation index (Igeo) and improved Nemerow index 
(INI) introduced by Liu et al. (2020) were applied to evaluate the overall 
and individual contamination levels of HMs. Igeo and INI were calculated 
using Equations (2) and (3): 

Igeo = log[Cs / (1.5×Cb)] (2)  

INI=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
I2
geomax

+ I2
geoavg

)/
2

√

(3)  

where Cs and Cb are the HM contents in the sample and regional back-
ground, respectively; and Igeo max and Igeo avg are the maximum and mean 
Igeo, respectively. The contamination degrees of Igeo and INI are shown in 
Table S1. 

2.5. HHRA model 

The HHRA model was adopted to assess the health hazards posed by 
HMs to adults and children (USEPA, 1989, 2009, 2011). Results showed 
that Cd, Co, Cr, Cu, Mn, Ni, Pb, V, and Zn presented chronic noncarci-
nogenic health risks to humans, and some of them (Cd, Cr, and Pb) also 
exerted carcinogenic health risks. For the exposure-assessment model, 
the daily intake (ADD, mg/kg⋅day) based on the total concentration or 
oral bioaccessible concentration of HMs was first calculated by Equa-
tions (4) and (5): 

ADDing− total concentration =
(
c× Ring × EF × ED× 10− 6)/( BW × AT

)
(4)  

ADDing− oral bioaccessibility =ADDing− total concentration × BAF (5) 

The overall carcinogenic risk (hazard index, HI) and total noncarci-
nogenic risks (TCR) of oral ingestion for multiple HMs were assessed 
according to the hazard quotient (HQ) and carcinogenic (CR) of each 
HM, respectively, as estimated by Equations (6) and (7). 

HI=
∑

HQ =
∑

ADD
/
RfD (6)  

TCR=
∑

CR =
∑

ADD× SF (7) 

For noncarcinogenic risks, HQ or HI > 1.0 means possible adverse 
health effects, and conversely, noncarcinogenic risks (USEPA, 2011). 
For carcinogenic risks, CR or TCR > 1.0E-04 indicated significant 
carcinogenic risks for humans; if CR or TCR was between 1.0E-6 and 
1.0E-4, the carcinogenic risks were acceptable. CR or TCR lower than 
1E-06 indicated negligible carcinogenic risks (USEPA, 1989). The 
meaning and values of exposure factors in the above equations are 
described in Tables S2 and S3. Meanwhile, MCS simulations were con-
ducted with 100 000 iterations at random (Han et al., 2022). 

2.6. Source apportionment 

The PMF model is a mathematical technique for quantitatively 
analysing the allocation of various contamination sources according to 
sample compositions or fingerprints (Paatero and Tapper, 1994; Song 
et al., 2021). The PMF model was calculated according to Equation (8): 

xij =
∑p

k=1
gikfkj + eij (8)  

where xij is the HM concentration; i and j are the sample number and 
chemical varieties, respectively; p is the source number; gik is the source 
contributions to samples; fkj is the proportion of sources in HMs; and eij is 
the residual matrix. The PMF optimal result was determined by mini-
mising the ‘objective function’ Q, as calculated by Equations 9–11. 

Q=
∑n

i=1

∑m

j=1

(
eij
/
uij
)2 (9)  

For xij ≤MDL, uij =
5
6
×MDL (10)  

For xij > MDL, uij =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
σ × xij

)2
+ (0.5 ×MDL)2

√

(11)  

where uij is the iHM uncertainty, MDL is the detection limit of elements, 
and σ is the error fraction. 

2.7. Data analysis 

Statistical calculations were conducted with Microsoft EXCEL 2021 
and IBM SPSS 23.0. Origin 2021 was used to plot the figures. The lo-
cations of the sampling region and the spatial characteristics of HM 
concentrations were constructed using ArcGIS 10.2. The uncertainty 
analyses of MCS were calculated using Oracle Crystal Ball (vs.11.1.2, 
USA) software and Origin 2021. 

3. Results and discussion 

3.1. Concentrations and pollution characteristics of HMs 

Descriptive features for HMs in outdoor windowsill dust collected 
from the iron/steel smelting-affected area are displayed in Fig. 2. The 
average concentrations (mg/kg) of HMs were as follows: Mn (1475.19) 
> Zn (672.56) > Pb (228.99) > V (191.94) > Cr (143.35) > Cu (86.89) 
> Ni (28.10) > Co (15.77) > Cd (5.30). Compared with the relevant 
arithmetic average background soil values (CNEMC, 1990), the mean 
concentrations of Cd, Pb, and Zn were significantly elevated, except for 
Co, Cr, Cu, Mn, and V, which were slightly higher (Fig. S1a). This finding 
preliminarily indicated that Cd, Pb, and Zn contamination occurred at 
some sampling sites. Particularly, the mean concentration of Cd excee-
ded the background value by 75.71 times, which was much higher than 
those of the other HMs. The HM concentrations were compared with 
national soil quality standards (MEE, 2018). Only Cr and V had average 
concentrations higher than the relevant soil risk control standards 
(Fig. S1b). The maximum concentrations of Cr, Pb, and V were 9.18, 
1.30, and 2.29 times the risk control standards of 30, 400, and 165 
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mg/kg, respectively. 
Igeo class distribution revealed that the contamination levels of HMs 

in dust were as follows: Cd > Pb > Zn > Cu > Mn > V > Cr > Ni > Co 
(Fig. S2a). Cd was the most serious, with Igeo values ranging within 4–8, 
and 91.30% of Cd Igeo exceeding 5, which was classified as extreme 
pollution. In all samples, 82.61%, 52.17%, and 65.22% of the Igeo values 
of Cu, Pb, and Zn, respectively, exceeded 2, indicating moderate to 
heavy pollution. The mean Igeo values of Cr, Mn, and V and Igeo in most 

sampling sites were between 0 and 1, exhibiting nonpollution to mod-
erate pollution. Ni and Co were unpolluted (Igeo value < 0). INI values 
ranged from 3.56 to 5.79, with an average of 4.54, implying that the 
study area was heavily to extremely polluted by HMs in dust. About 
21.74% of INI values were between 3 and 4, suggesting that these 
samples were heavily polluted, whereas 30.48% showed values above 5, 
corresponding with extreme pollution (Fig. S2b). This finding indicated 
that human activities greatly influenced HMs in dust, which was further 

Fig. 2. Concentrations, control values (MEE, 2018), and background values (CNEMC, 1990) of HMs in windowsill dust.  

Fig. 3. Geo-accumulation indices of HMs in dust from different types of smelting-affected areas around the world (a Long et al., 2021; b Zibret et al., 2013; c Xiao 
et al., 2020; d Fry et al., 2021; e Xing et al., 2022; f Feng et al., 2020; g Wu et al., 2017; hCao et al., 2020; i Jeong et al., 2021; j Wang et al., 2021; k Berasaluce 
et al., 2019). 
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confirmed by subsequent discussion. To better describe the effects of 
smelting activities on HM contamination in dust, Fig. 3 compares the Igeo 
values of HMs from cities heavily affected by iron/steel smelters and 
other smelters worldwide. Detailed information regarding the charac-
teristics of the samples from other cities can be found in Tables S4 and 
S5. 

Compared with the other four cities affected by the iron and steel 
smelting industries, the Igeo values of Cd and Cu in Anyang were higher 
than those in the other cities. Co, Cr, Ni, V, and Zn were at intermediate 
levels. The Igeo values of Mn and Pb in this study were relatively higher: 
Mn was lower only than that of sites from Witbank, the largest coal base 
in South Africa (Zibret et al., 2013), and Pb was lower only than that in 
the famous industrial city in Southwest China of Panzhihua (Long et al., 
2021). The mean Igeo values of Zn in the four iron/steel smelting-affected 
cities were more than 3, showing heavy pollution. Cd and Pb exceeded 2, 
exhibiting moderate to heavy pollution (Tables S4). Compared with the 
other types of smelting areas, Co, Cr, and Mn in dust from the iron/steel 
smelting-affected areas had the highest Igeo values. Cd and Cu with high 
Igeo values appeared in the Pb–Zn and Cu smelting areas, respectively, 
whereas little difference existed in the Igeo values of Zn among the three 
types of smelting areas. The mean Igeo values of Cd in the Pb–Zn and Cu 
smelting-affected cities exceeded 5, which was classified as extremely 
polluted. A comparison of mean INI values among the three types of 
smelting-affected areas suggested a pollution degree in the following 
order: Pb–Zn smelter > Cu smelter > iron/steel smelter (Tables S4). 

3.2. Source apportionment 

Pearson correlation analysis and clustering analysis were initially 
applied to identify the correlations and similarities in HM concentra-
tions for accurate discrimination among various potential pollution 
sources. Then, the PMF model was used to quantitatively and qualita-
tively analyse each pollution source. In the PMF model, collinearity 
analysis was performed first on the HM concentration data. All HMs with 
a variance inflation factor greater than 10 and tolerance greater than 0.1 
were satisfactory for the analysis requirements (Peng et al., 2021). When 
the factor number was four, the minimum and stable value of the 
objective function Q can be derived (Chen et al., 2019). Most residual 
values fell within the range of − 3 to 3, and the minimal R2 of HMs be-
tween measured and predicted values was higher than 0.60, indicating 
accurate and optimal PMF model result (Zhao et al., 2022). Conse-
quently, four pollution sources were identified, and their contribution 
rates to HM concentrations are shown in Fig. 4c. 

Correlation analysis results indicated strong positive correlations 
(0.60 < r < 0.80, p < 0.01) for the pairs Cd–Pb, Cu–Ni, Co–Cu, Co–Ni, 
Cr–Zn, and Co–Cr, as well as moderate positive correlations (0.40 < r <
0.60, p < 0.01) for the pairs Cd–Ni, Cd–Zn, Cd–Cu, Cr–Ni, Cu–Pb, Mn–V, 
and Pb–Zn (Fig. 4a). This result showed that these HMs may originate 
from a similar source (Jin et al., 2019). Mn and V exhibited negative 
correlations with other HMs, indicating that their possible sources of 
contamination were distinct from those of the other elements. Mean-
while, clustering analysis results showed that Cd–Pb, Cu–Co–Ni, Cr–Zn, 
and Mn–V were clustered (Fig. 4b). Thus, these pairs may share familiar 
sources (Liu et al., 2019; Sun et al., 2022). 

Fig. 4. Source analysis for HMs in windowsill dust: (a) Pearson’s correlation coefficient, (b) clustering pattern, (c) factor scores for HMs, and (d) factor contributions 
to all dust samples. 
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Factor 1, which explained 49.85% of the overall variance (Fig. 4d), 
was primarily characterised by Cr (53.30%), Mn (55.11%), V (47.97%), 
and Zn (53.26%). Many previous investigations have demonstrated that 
Cr, Mn, V, and Zn are linked to industrial activity (Han et al., 2021a; 
Soltani et al., 2021). Meanwhile, the strategically valuable element V is 
extensively used to produce steel alloys (Li et al., 2020a). Ferrovana-
dium production is estimated to account for about 85% of global V 
consumption (Yang et al., 2017; Watt et al., 2018). Cr and Mn can be 
generated and released into the atmosphere along with V during con-
verter smelting (Kelepertzis et al., 2020; Zhang et al., 2022), whereas Zn 
is extensively used in the galvanising industry to improve steel corrosion 
resistance and mechanical behaviour (Li et al., 2020b). The leading in-
dustries in this study area were iron/steel smelting and related ma-
chinery manufacturing. These processes can emit enormous amounts of 
HM-containing dust (Long et al., 2021). By 2019, more than 200 small- 
and medium-sized ferroalloy enterprises were located in the northern 
and western parts of the smelter (AMBS, 2020). Moreover, the GIS map 
revealed that Mn and V with high concentrations were also primarily 
concentrated in these regions (Fig. S3). Therefore, Factor 1 was inferred 
as industrial sources, such as metal smelting and manufacturing 
machinery. 

Factor 2 was allocated to traffic emissions with a contribution rate of 
21.78% (Fig. 4d). This factor was primarily loaded on Cd (55.12%), Pb 
(33.63%), and Zn (46.74%). Significant correlations (p < 0.01) were 
observed between these HMs, indicating common sources (Han et al., 
2023). The GIS map also showed that the hotspots for Cd, Pb, and Zn 
appeared at the main gate of the smelter, an area with a high frequency 
of transportation activity(Fig. S3). Generally, Cd, Pb, and Zn contami-
nation is typically attributed to traffic activities (Mielke et al., 2011; 
Ahamad et al., 2021). Although China’s nationwide moratorium on 
leaded gasoline went into effect on July 1, 2000, significant Pb con-
centrations remain in urban environments due to its half-life of hundreds 
of years (Jin et al., 2019). Pb has a long history of being widely applied 
in paint production (Peng et al., 2019). Pb-based coatings have the 
characteristics of adhesion onto substrates and surfaces (Gilbert and 
Weiss, 2006), bright colour, and crack resistance (O’Connor et al., 
2018). PbCO3 and PbCrO4 are extensively used to mark white and yel-
low traffic lines, respectively (Peng et al., 2019). Zn and Pb are also 
reportedly used to produce automobile batteries (Chen et al., 2008; Sun 
et al., 2022), and Cd is a constituent of tires and lubricants (Li et al., 
2001). According to the statistical yearbook of Anyang (AMBS, 2020), 
road density and vehicle number in 2019 were 69.50 (km/100 km2) and 
955 807, respectively. Increasing vehicle exhaust emissions or tire wear 
lead to pollution-related elements (Hou et al., 2019). Thus, this factor 
can be interpreted as traffic sources. 

Factor 3, which explained 20.58% of the overall variance (Fig. 4d), 
had the strongest correlation with Co, Cu, Mn, and Ni (Fig. 4a). Many 
previous studies have shown that Co, Mn, and Ni may have natural or-
igins (Facchinelli et al., 2001; Egodawatta et al., 2013). The mean 
concentrations of Co and Ni were close to the regional background 
values in this work (Fig. S1a), an d their Igeo values of 95.65% and 
100.00% were classified as unpolluted (Fig. S2b).Notably, many flowers 
and trees were planted near the sampling windowsills. Cu-containing 
fungicides and pesticides are commonly used to protect them from 
pathogenic pathogens and pests (Zhang et al., 2018), leading to Cu 
accumulation in dust. The spatial distribution of Co, Ni, and Cu con-
centrations were also relatively uniform (Fig. S3). Consequently, Factor 
3 was principally derived from natural sources, accompanied by little 
contribution from human activities. 

Factor 4 may be related to coal combustion, contributing 7.79% of 
the overall variance (Fig. 4d). This factor was heavily weighted on Cd 
(44.88%) and Pb (33.01%). A significantly positive correlation existed 
between Cd and Pb (r = 0.75, p < 0.01) and the same clustering groups 
(Fig. 4a–b), indicating a similar source of these HMs. Previous studies 
have reported that in addition to metal smelting, transportation emis-
sions, and waste incineration, fossil-fuel combustion also contributes to 

Cd enrichment in environmental media (Khan et al., 2016). Remarkably, 
coal-mining exhaust from fossil fuel was also a significant source of Pb 
(Sun et al., 2022). Cd and Pb can diffuse into the atmosphere by coal 
combustion and then into dust through dry and wet atmospheric 
deposition (Duan et al., 2020). According to statistical data (AMBS, 
2020), the Anyang coal-fired power plant, located southwest of the 
study area, consumed 3.79 million tons of coal in 2019. Therefore, 
Factor 4 was allocated to the source of coal combustion. 

3.3. Bioaccessibilities of HMs 

The percentage gastrointestinal bioaccessibilities and total concen-
trations of HMs in outdoor windowsill dust near the iron/steel smelting- 
affected areas are presented in Fig. 5 and Table S6. HM bioaccessibilities 
in all dust samples ranged from 0.02% to 65.16%. The mean bio-
accessibilities of HMs decreased as follows: Zn > Pb > Cd > Mn > V >
Cu > Ni > Co > Cr for PBETG, and Mn > V > Zn > Ni > Cd > Co > Cu >
Pb > Cr for PBETI. Zn, Mn, Cd, and Pb had higher biodetectable con-
centrations in the gastrointestinal system than other HMs, and Pb had 
the highest bioaccessibility (65.16%) in PBETG. Cr demonstrated the 
lowest bioaccessibility, with only 5.27% and 2.04% of Cr in PBETG and 
PBETI, respectively, being biodetectable. In the present work, Cr was 
identified primarily from smelting activities, as analysed in Section 3.3. 
It primarily existed as residue that was not easily digestible by simulated 
gastrointestinal solution (Piggio et al., 2009; Wang et al., 2019). 

The mean bioaccessibilities of all HMs in PBETG exceeded that in 
PBETI, decreasing by 80.80% (Cd), 44.31% (Co), 61.22% (Cr), 74.40% 
(Cu), 51.13% (Mn), 25.09% (Ni), 92.14% (Pb), 41.27% (V), and 71.84% 
(Zn) in PBETI, respectively. Meanwhile, more considerable differences 
in HM bioaccessibilities were found in PBETG than in PB ETI (Table S6). 
These results may have been due to the shift in pH of the simulated 
extract (Kastury et al., 2017; Xing et al., 2020). In PBETG, the pH was 
1.5, in which the activity of digestive enzymes increased, resulting in the 
rapid dissolution of HMs (Zhang et al., 2019). However, the pH in PBETI 
was 8.0, in which HMs were susceptible to adsorption and precipitation, 
which passivated and immobilised these HMs in the intestinal fluid 
(Pelfrene et al., 2011; Aurelie et al., 2011). 

Notably, some HMs (Cd, Cr, Pb, and Zn) with high concentrations 
had low bioaccessibilities in PBETG and PBETI (Fig. 5). These sampling 
points were located in the southern part of the iron/steel smelting- 
affected area (S9#–S15#) (Fig. 1), downwind of the prevailing wind 
direction during the sampling period. On one hand, HM bio-
accessibilities in the gastrointestinal system showed little correlation 
with their concentrations. They were influenced by many factors, such 
as sampling site (Ma et al., 2021), sources (Liu et al., 2019), sample 
parameters (e.g., pH, magnetic susceptibility, and particle size), and 
extraction methods (Ma et al., 2022). On the other hand, 
bioaccessibility-based health exposure risk results were more accurate 
and can better reveal the hazards of HMs in dust. Therefore, incorpo-
rating the bioaccessibilities into the HHRA model was necessary. 

3.4. Health-risk assessment of HMs 

3.4.1. Concentration-based risk assessment 
Based on the MCS, probabilistic health risks from HMs in windowsill 

dust within iron/steel smelting-affected areas were characterised (Fig. 6 
and Table 1). For children and adults, the average HQs of all investigated 
HMs decreased as follows: Pb > Cr > Mn > V > Cd > Zn > Cu > Ni > Co. 
The average HQs and HI of HMs for children were around an order of 
magnitude greater than those for adults. For adults, the mean HI and 
HQs based on the total HM concentrations were less than 1.0, showing 
negligible noncarcinogenic risks. However, the average HI for children 
was 1.12, which was 1.12 times greater than the safe level. Meanwhile, 
59.04% of HI for children exceeded 1.0, indicating noncarcinogenic 
risks (Fig. 6a). In the present work, only Pb, Cr, and Cd were calculated 
for carcinogenic risks. For children and adults, Cd was proven to be the 
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Fig. 5. Percentage bioaccessibilities and total concentrations of HMs in windowsill dust.  

Fig. 6. Probability distributions of concentration- and oral bioaccessibility-based risks (HI and TCR) of HMs in windowsill dust.  
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dominant factor in the overall carcinogenic risks (Table 1). The mean 
TCR for children and adults were 2.06E-05 and 4.60E-06, respectively, 
indicating cautionary carcinogenic risks in this study area. Furthermore, 
0.93% of TCR for children was more than the safe level (>1.0E-04). In 
comparison, 100.0% and 96.38% of TCR for children and adults, 
respectively, exceeded the acceptable level (>1.0E-06) (Fig. 6d). This 
result revealed that the carcinogenic risks of HMs, especially Cd, in dust 
warranted public attention. 

3.4.2. Bioaccessibility-based risk assessment 
After incorporating HM bioaccessibilities, all HQ, HI, CR, and TCR 

were significantly reduced (Fig. 6 and Table 1). For noncarcinogenic 
effects, the trend of average HQs modified by HM bioaccessibilities for 
children and adults changed to Pb > Mn > V > Cr > Cd > Zn > Cu > Ni 
> Co for PBETG and Mn > V > Cr > Pb > Cd > Zn > Ni > Cu > Co for 
PBETI. Pb and Mn became the dominant contributors to TCR posed by 
biodetectable HMs in PBETG and PBETI, respectively. This inconsistent 
trend was primarily due to differences in bioaccessibilities and RfD 
values among HMs (Tables S3 and S6). In PBETG, although the bio-
accessibility of Pb (26.04%) was lower than that of Zn (30.56%), its RfD 
value (3.50E-03) was two orders of magnitude less than that of Zn 
(3.00E-01), which according to Equation (6) resulted in a higher 
noncarcinogenic risk. In PBETI, the bioaccessibility of Mn (10.18%) was 
more five times than that of Pb (2.05%), which can offset the impact of 
RfD differences on the result of health-risk assessment. Additionally, the 
average HI based on HM bioaccessibilities was less than 1.0 for children 
and adults. Only 0.01% of the HI for children exceeded 1.0 (Fig. 6b and 
c). For carcinogenic risks, Cd remained the dominant factor affecting 
noncarcinogenic risks after adjustment by HM bioaccessibilities in 
PBETG and PBETI. This consistent trend was primarily due to the high 
bioaccessibility of Cd an d high SF (Tables S3 and S6). When 

incorporating oral bioaccessibilities in PBETG, the mean TCR for chil-
dren (5.20E-06) and adul ts (1.16E-06) remained above 1.0E-06, indi-
cating carcinogenic risks (Fig. 6e and f). Particularly, the TCR for 
children between 1.0E-06 and 1.0E-04 was 98.43% (PBETG) and 
18.56% (BETGI). Thus, people especially children living around the 
iron/steel smelting-affected areas need to avoid ‘hand-to-mouth’ expo-
sure to HMs in dust. 

3.4.3. Source-oriented risk assessment 
Remarkably, HMs originating from various sources show signifi-

cantly different concentrations, bioaccessibilities, and toxicity co-
efficients (Ma et al., 2021), but the traditional concentration-HHRA 
model cannot effectively distinguish between the effect of natural and 
anthropogenic sources on health-risk assessment (Sun et al., 2022; Zhao 
et al., 2022). Thus, source-oriented exposure risks were quantified ac-
cording to oral bioaccessibilities estimated by PBET and source profiles 
to identify elevated-risk sources of pollution (Ma et al., 2018; Liu et al., 
2019) (Fig. 7). The source-contribution rate (%) to HI and TCR for 
children and adults was similar. For noncarcinogenic effects, the HI of 
each pollution source, as analysed in Section 3.3, were lower than 1.0, 
suggesting negligible noncarcinogenic risks (Table 2). Among them, 
Factor 1 (industrial sources) which accounted for 49.85% of all pollution 
sources were primarily loaded on Cr, Mn, V, and Zn, and it had the 
highest contribution rate (total concentration: 34.69%; PBETG: 27.74%; 
PBETI: 45.95%) to the noncarcinogenic risks (Fig. 7). This finding may 
be correlated with the high bioaccessibilities of Mn, V, and Zn in the 
gastrointestinal system and the low noncarcinogenic toxicity of Cr 
(Tables S3 and S6). Thus, industrial source was determined as a crucial 
pollution source of the noncarcinogenic effects. In terms of carcinogenic 
effects, industrial sources and natural sources explained 49.85% and 
20.58% of all pollution sources, respectively, but the contribution rates 
of these two anthropogenic sources to TCR were below 5%. It was pri-
marily due to the low loading on Cd and Pb and low bioaccessibility of 
Cr in PBETG and PBETI (Tables S3 and S6). Although industrial sources 
had a low contribution rate of posing carcinogenic risk to the popula-
tion, more prevention and control policies were still needed to reduce 
the risk caused by HMs, especially the potentially carcinogenic element 
Cd. The concentration-based TCR and PBETG-based TCR for children 
and adults of Factor 2 (traffic sources) and Factor 4 (coal combustion) 
were above or close to 1.0E-06 (Table 2), suggesting the existence of 
carcinogenic risks. Although traffic sources and coal combustion 
accounted for only 21.78% and 7.79% of all pollution sources, respec-
tively, these two sources became the more significant risk sources for 
carcinogenic risks with a contribution rate of more than 40% (Fig. 7), 
consistent with Huang et al. (2018) and Ma et al. (2021). It was pri-
marily due to traffic sources and coal combustion having high alloca-
tions of Cd and Pb (Fig. 4). Hence, traffic sources and Cd were identified 
as crucial pollution sources and key pollution factors for the carcino-
genic effects. 

As discussed above, iron/steel smelting and related production and 
transportation activities were the prerequisite for minimising the influx 
of new HMs and the associated health risks in the study area. Accord-
ingly, the emission standard of air pollutants, including measures to 
lower discharge limits and transportation-related and industry-related 
emissions, was necessary and should be enforced first. Then, air 
pollutant emission detection and risk-based management should be 
performed on a point-by-point basis. However, the economic develop-
ment of small- and medium-sized cities is primarily driven by increasing 
energy consumption and industrial production activities, especially for 
China’s industrial-oriented cities (Zhang et al., 2019). Considering sus-
tainable development, we advocate the use of new energy sources 
instead of fossil fuels in industrial-production activities. Notably, 
China’s fossil energy peaked in 2010 (accounting for nearly 92% of the 
total energy consumption) and has shown a downward trend in recent 
years (NBS, 2020), indicating that city managers have consciously 
reduced the use of fossil energy in green production and energy 

Table 1 
Concentration- and oral bioaccessibility-based risks (HI and TCR) for adults and 
children of HMs in windowsill dust.  

Elements Children Adults 

Noncarcinogenic risk: HQ and HI 
HQ TC PBETG PBETI TC PBETG PBETI 
Cd 3.61E-02 9.32E- 

03 
1.26E- 
03 

2.02E- 
03 

5.21E- 
04 

7.07E- 
05 

Co 4.57E-03 3.31E- 
04 

1.65E- 
04 

2.56E- 
04 

1.85E- 
05 

9.23E- 
06 

Cr 2.71E-01 1.57E- 
02 

4.52E- 
03 

1.52E- 
02 

8.77E- 
04 

2.52E- 
04 

Cu 1.29E-02 1.76E- 
03 

4.70E- 
04 

7.18E- 
04 

9.83E- 
05 

2.63E- 
05 

Mn 1.80E-01 3.86E- 
02 

1.61E- 
02 

1.00E- 
02 

2.16E- 
03 

9.01E- 
04 

Ni 8.12E-03 7.34E- 
04 

4.80E- 
04 

4.54E- 
04 

4.11E- 
05 

2.69E- 
05 

Pb 4.24E-01 1.16E- 
01 

3.80E- 
03 

2.37E- 
02 

6.48E- 
03 

2.12E- 
04 

V 1.58E-01 2.32E- 
02 

1.31E- 
02 

8.83E- 
03 

1.30E- 
03 

7.32E- 
04 

Zn 2.09E-02 6.39E- 
03 

1.13E- 
03 

1.16E- 
03 

3.57E- 
04 

6.34E- 
05 

HI 1.12E+00 2.12E- 
01 

4.11E- 
02 

6.24E- 
02 

1.18E- 
02 

2.29E- 
03 

Carcinogenic risk: CR and TCR 
CR TC PBETG PBETI TC PBETG PBETI 
Cd 1.89E-05 4.87E- 

06 
6.59E- 
07 

4.22E- 
06 

1.09E- 
06 

1.48E- 
07 

Cr 5.92E-07 3.44E- 
08 

9.87E- 
09 

1.32E- 
07 

7.67E- 
09 

2.20E- 
09 

Pb 1.08E-06 2.96E- 
07 

9.69E- 
09 

2.42E- 
07 

6.61E- 
08 

2.16E- 
09 

TCR 2.06E-05 5.20E- 
06 

6.79E- 
07 

4.60E- 
06 

1.16E- 
06 

1.52E- 
07 

Note: The values that exceed the risk values (HI, 1; TCR, 1.00E-06) were marked 
in bold. 
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management. Overall, our research highlighted that source-oriented 
health-risk assessment was more effective for the identification of 
crucial pollution sources and key pollution factors than other methods 
based on total HM concentrations. 

4. Conclusions 

The average concentrations of all HMs (except for Ni) in outdoor 
windowsill dust samples exceeded the regional background values from 
soil in Henan Province, whereas only Cr and V had average concentra-
tions that were more elevated than the relevant soil risk-control stan-
dards. Cd had the highest average Igeo, exhibiting heavy to extreme 
pollution and extreme pollution. Source apportionment indicated that 
industrial sources (49.85%) were significant sources of HMs in dust 
within the iron/steel smelting-affected areas, followed by traffic sources 
(21.78%), natural sources (20.58%), and coal combustion (7.79%). The 
mean bioaccessibility values of most HMs (except Zn) determined by 
PBET tests were less than 30% and exhibited significant variation be-
tween PBETG and PBETI. When considering HM oral bioaccessibilities, 
noncarcinogenic and carcinogenic risks were significantly reduced, 
especially for adults. The priority HM contaminant changed from Pb 

(total concentration) to Mn (PBETI) for noncarcinogenic risks, whereas 
Cd was consistently identified as the critical pollution factor for carci-
nogenic effects. Industrial and traffic sources were high-risk sources of 
concern that contributed the most to the HI and TCR values. This work 
generally reconfirmed the necessity of incorporating bioaccessibility 
rather than the total concentration for the source-oriented health-risk 
assessment of HMs. These findings provided more applicable informa-
tion for the health-risk assessment and contamination control of HMs 
within iron/steel smelting-affected areas. 
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Fig. 7. Summary of source contribution (%) to concentration- and oral bioaccessibility-based risks (HI and TCR) of HMs in windowsill dust.  

Table 2 
Source-oriented health risks for adults and children according to the concentration- and oral bioaccessibility-based risks (HI and TCR) of HMs in windowsill dust.  

Elements Children Adults 

Factor 1 Factor 2 Factor 3 Factor 4 Factor 1 Factor 2 Factor 3 Factor 4 

Noncarcinogenic risk: hazard index (HI) 
TC 2.14E-01 2.51E-01 2.63E-01 2.14E-01 2.16E-02 1.40E-02 1.47E-02 1.20E-02 
PBETG 5.16E-02 5.31E-02 4.86E-02 5.16E-02 3.29E-03 2.96E-03 2.71E-03 2.88E-03 
PBETI 6.35E-03 4.44E-03 1.14E-02 6.35E-03 1.05E-03 2.48E-04 6.37E-04 3.55E-04 
Carcinogenic risk: total carcinogenic risk (TCR) 
TC 4.49E-07 1.09E-05 3.47E-07 8.85E-06 1.00E-07 2.44E-06 7.77E-08 1.98E-06 
PBETG 5.48E-08 2.79E-06 6.92E-08 2.28E-06 1.22E-08 6.25E-07 1.55E-08 5.11E-07 
PBETI 6.46E-09 3.69E-07 4.04E-09 2.99E-07 1.44E-09 8.27E-08 9.00E-10 6.71E-08 

Note: Factor 1: industrial sources, Factor 2: traffic sources, Factor 3: natural sources, Factor 4: coal combustion. The values that exceed the risk values (HI, 1; TCR, 
1.00E-06) were marked in bold. 
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